Ionization chambers are frequently moved from one environment to another, sometimes with significant differences in temperature between the chamber and measurement phantom. To obtain reliable ionization data, the temperature of the air in the chamber must be allowed to equilibrate with the measuring phantom. The air temperature inside a thimble of a Farmer-type ion chamber was measured as a function of time for various phantom materials ͑air, water, and plastic͒. Equilibration rates for the various conditions are presented. Heat-diffusion theory is presented to explain the characteristics of the measured data. Waiting times for temperature equilibration down to 10% of the initial temperature difference ranges from 1 to 18 min, depending on the phantom material and use of bare or covered thimble. Radiation measurements confirm the temperature data.
I. INTRODUCTION
The Radiological Physics Center ͑RPC͒ currently monitors approximately 1200 institutions participating in interinstitutional cooperative clinical trials funded by the National Cancer Institute ͑NCI͒. During its on-site dosimetry review visits to these institutions, the RPC team determines and observes both photon and electron output calibrations in various phantom materials including air, water, and various plastics. The RPC has observed errors in temperature measurements of the phantom material ranging up to 2°C. These errors result from either ͑i͒ an inappropriate point of temperature measurement or ͑ii͒ insufficient waiting time for thermal equilibration between the temperature probe and the phantom material. The point of temperature measurement requires a little elaboration. In the case of an in-air output calibration, for example, an appropriate place to measure air temperature is in the vicinity of the beam isocenter. If it is measured elsewhere in the room, however, the air temperature may be appreciably different, depending on the location of air-conditioning or exhaust vents. In the case of an output calibration in a plastic phantom, one may incur significant error by assuming the phantom temperature to be the same as that of the surrounding air, for two reasons. First, a plastic phantom takes several hours to equilibrate with the surrounding air temperature, as reported by Barish 1 and confirmed by our measurements. Second, the temperature of a plastic phantom may be significantly different from the temperature measured by a thermometer on the wall or in the vicinity of the beam isocenter even if the phantom has been sitting in the same room for several hours, but in a remote area or in a cabinet. Phantoms stored in a closet in the treatment room may be significantly warmer than the ''air'' in the room. Even greater temperature differences may exist between the cabinet in a physics laboratory and the air in a treatment room due to different room-temperature settings and positioning of air-conditioning vents.
Kubo 2 provides equilibration data for three cylindrical ion chambers in air and in water, and for a parallel-plate chamber in air and polystyrene. Giessen 3 presents temperaturechange data for a nylon-thimble chamber in air, water, and polystyrene. Mayo et al. 4 present data supporting the argument that a cylinder chamber with an air-equivalent plastic thimble exhibits a change in thimble dimensions with temperature, an effect not seen for a graphite-thimble chamber. The time constants reported by Kubo vary by a factor of 2 for different chambers in both air and water, and by a factor of 2-4 from that reported by Giessen in water. In air, the two author's data overlap.
This work presents more extensive data, improves precision of the data, indicates the presence of a shoulder and multiple components to the exponential equilibration curves. Thus a single temperature constant is probably not adequate. In addition, our ionization data, as that of Mayo, fail to identify any measurable thermal expansion/contraction of a graphite thimble.
Temperature measurements inside the thimble of a Farmer-type ion chamber have been made as a function of time in air, water, and plastic media. In each case, tempera-ture difference is plotted versus time on a semi-log scale. Distinct differences in the thermal equilibration between the different types of media are noted and discussed. Negligible differences were seen between conductive or nonconductive thimble material and between heating and cooling rates. The thermal-equilibration curves are verified by heat-diffusion theory. Further, the temperature measurements are confirmed by ionization measurements in a plastic medium.
II. MATERIALS AND METHODS
Direct temperature measurements were made inside the thimble of an 0.6 cc Farmer-type NEL chamber ͑Nuclear Enterprises, Ltd., Fairfield, NJ͒ equipped with either a graphite-coated nylon or a graphite thimble. The central electrode was replaced by a thin ͑0.005-in.-diam͒ thermocouple ͑type E͒ which provides a fast temperature response. The temperature reader was an Omega model 450 AET ͑Omega Engineering, Inc., Stamford, CT 06907͒. A similar thermocouple and reader were used to monitor the temperature of the phantom material. Temperature was recorded in°F because that scale provided the higher resolution ͑0.1°F͒. The plastic phantom consisted of a stack of 1 cm and 2 cm thick, 30 cmϫ30 cm slabs of high-impact polystyrene, model RW-3 ͑Nuclear Associates, Division of Victoreen, Inc., Carle Place, NY 11514͒ measuring 14.5 cm of total thickness. A large temperature-controlled water bath (45 cm ϫ30 cmϫ30 cm) with continuous stirring was used to establish the initial temperature of the ion chamber or plastic phantom to 10-20°F below or above the ambient air temperature. For all measurements, a digital clock with hour/ minute/second read-out was used. The digital read-out of the clock and thermocouples were simultaneously recorded with a camcorder. Data were captured by playback of the videotape in stop-frame mode.
To study the cooling rate of the plastic phantom, all slabs were separated and kept immersed in the hot water bath (Ϸ100°F) for ϳ1 h. Individual slabs were removed from the water, quickly dried with paper towels, and stacked in a Styrofoam box for heat insulation. Thermocouple probes were placed at three locations between the middle slabs of the plastic phantom as indicated in Fig. 1 . The entire plastic phantom was assumed to be at an initially uniform temperature inside the Styrofoam box. The phantom was then removed from the Styrofoam box and placed on a wooden table, exposing it to ambient air on five sides. This marked zero time.
The study of the thermal equilibration of an ion chamber in air was accomplished ͑i͒ with a bare thimble, and ͑ii͒ with the thimble covered with a Co-60 build-up cap ͑0.46-cm Lucite wall͒. The chamber with ͑or without͒ the build-up cap was placed in a water-proofing rubber sleeve ͑0.2 mm thick͒ and immersed in the water bath at a temperature ϳ10°F warmer ͑or cooler͒ than the surrounding air temperature. When the chamber reached thermal equilibrium (у30 min), it was removed from the water bath, the waterproofing sleeve removed, and the chamber exposed to ambient air. This marked zero time.
To study the thermal equilibrium of an ion chamber in water, the water-bath temperature was established to ϳ10°F warmer ͑or cooler͒ than the surrounding room-air temperature. For the bare-thimble study, the protective cap ͑0.46 cm Lucite͒ was maintained in the water phantom to assure thermal equilibration of the cap with the water bath. The chamber was then inserted into the protective cap that marked zero time. Similar data were acquired by inserting the chamber with its build-up cap ͑at room temperature͒ into the water phantom at time zero.
To study the thermal equilibration of an ion chamber in a plastic phantom, the phantom was thermally stabilized in the water bath to a temperature ϳ10-15°F warmer ͑or cooler͒ than the ambient air. The chamber ͑bare thimble͒ at room temperature was then inserted into the phantom, marking zero time.
For ionization measurements in the plastic phantom, the radiation source was a Co-60 ''Eldorado 8'' unit ͑Atomic Energy of Canada Ltd., Kanata, Canada͒. The phantom was thermally stabilized in the water bath to a temperature ϳ10-15°F warmer or cooler than the ambient air. The ion chamber ͑bare thimble͒ was thermally stabilized in ambient air. Insertion of the chamber into the phantom marked time zero. Ionization produced inside the thimble was measured in the rate mode with a Keithley model 602 electrometer ͑Kei-thley Instruments, Inc., Cleveland, OH͒, modified by CNMC ͑CNMC Company, Nashville, TN͒ to provide a digital readout. The digital read-out of the electrometer was included in the time/temperature data acquisition by the camcorder.
III. RESULTS AND DISCUSSION
We shall denote the time after zero time as t, the temperature difference between the ''chamber'' and the phantom as ⌬T, the initial temperature difference as ⌬T 0 , and the initial phantom temperature as T 0 . All data are presented as semilog plots of the normalized temperature difference, ⌬T/⌬T 0 , versus time, which we will refer to as cooling or warming plots. The normalization facilitates intercomparison of the measured data sets. The error bars in Figs. 2-6 represent an estimate of uncertainty based on the precision of Ϯ0.1°F in the temperature measurements. All plots have a common characteristic, i.e., an initial shoulder region ͑sizable or negligible͒ followed by a one-, two-or multicomponent exponential fall-off. As the next section, Theoretical Basis, explains, the initial shoulder represents a delay in heat transmission through a barrier separating the point of measurement and the warmer or cooler medium.
Typical cooling plots for the plastic phantom are presented in Fig. 2 . The three sets of data indicated by different symbols correspond to temperature measurements at the three sites identified in Fig. 1 . The trends of the data are shown as dashed curves. The three curves differ primarily in the width of the shoulder. Since the width of the shoulder represents a time delay in heat transfer through the slab-wall thickness, temperature (T 2 ) at a deeper position has a broader shoulder as compared to T 3 at the shallower position. The temperature (T 1 ) inside the cavity, although it is the deepest position, does not show the broadest shoulder due to faster heat transfer through the air in the cavity. The final slopes of the exponential fall-off are not significantly different for the three curves. The three data points near the tails of the trend lines all appear to be below the trend lines, probably due to the drift in the surrounding air temperature, especially over a period of several hours. However, an uncertainity originating from the temperature drift is included in the error bars shown. The plastic phantom required ϳ15 h for the temperature difference, ⌬T, to diminish to 20% of ⌬T 0 . The exact equilibration time depends on material, size of the phantom and the location of the point of measurement inside the phantom. R. J. Barish 1 reported that the temperature difference diminished to the 50% level after 1.7 h. Barish's measurements at 1-cm depth below the top surface of a 25 cmϫ25 cmϫ5.2 cm clear polystyrene ͑SCRAD͒ phantom inside the chamber cavity in contact with the wall simulated measurements near d max . Our measurements, at 7-cm depth to simulate photon-beam calibration at depth, resulted in a much longer equilibration time. Comparison of the measured data with a theoretical solution is presented and discussed in the next section.
The data in Fig. 3 represent thermal equilibration of a Farmer-type ion chamber in air. The solid-circle symbols represent warming of the chamber and build-up cap in air. The initial shoulder ͑width 0.5 min͒ represents a delay in heat transmission through the 0.46-cm Lucite wall of the build-up cap. The shoulder is followed by a singleexponential fall-off. Ionization measurements were made in a Co-60 beam with a similar ion chamber and build-up cap cooling in air. The change in ionization readings was then used to deduce the change in temperature of the air inside the thimble using the ideal gas law. The cross symbols in Fig. 3 represent the ionization data converted to temperaturechange data. The ionization and the direct temperature measurements are in excellent agreement. The solid-triangle symbols represent cooling of the chamber with a bare thimble in air. The absence of the shoulder in these data indicates a negligible delay in heat transmission through the thimble because of negligible wall thickness ͑0.036-cm Nylon͒. As expected, temperature equilibration is much faster because there is no build-up cap. These data show more than a one-component exponential fall-off. The initial fall-off, until ⌬T reaches close to 10% of ⌬T 0 , is a fast component, whereas the latter fall-off is much slower and perhaps arises from continuation of heat transfer from the stem of the chamber. The stem, because of insulating contents and large heat capacity, takes longer to equilibrate with the surrounding air.
The data in Fig. 4 represent thermal equilibration of an ion chamber in a water phantom. The solid circle and cross symbols represent cooling and warming data, respectively, when the chamber along with its build-up cap are inserted into the water phantom. The two sets of data corresponding to warming and cooling are in good agreement within measurement error. The initial shoulder, representing a delay in heat transmission through the 0.46-cm Lucite wall of the build-up cap, is followed by a single-component exponential fall-off similar to that of the chamber with build-up cap in Fig. 3 . Equilibration is about a factor of 5 faster in water than in air. The solid-triangle symbols represent the data for insertion of the ion chamber's bare thimble into a build-up cap already at thermal equilibrium in the water phantom. The initial shoulder is absent as exhibited previously by the barethimble data in Fig. 3 . The second exponential component is again probably attributable to the influence of the stem. Figure 5 shows data for the ion chamber's thermal equilibration in a plastic phantom. The cross symbols correspond to cooling, while all others correspond to warming. The four data sets representing warming correspond to repeated measurements performed over a 1 year period. All sets show good agreement in the initial fall-off region, but divergence begins after ⌬T drops below 30% of ⌬T 0 . The spread among the repeat sets is attributed to poor reproducibility of the contact between the thimble and the plastic phantom. The characteristics of rapid equilibration, negligible shoulder, and double exponential components are typical of the bare chamber in all media. The initial exponential component is comparable to that in the corresponding case in air. Figure 6 presents ionization measurements converted to temperature using the ideal gas law for the thermal equilibration of the ion chamber in a plastic phantom. Since the Co-60 unit was preset to treat, the radiation measurements could begin within a few seconds of time zero. The four different symbols correspond to four sets of data ͑two for cooling and two for warming͒ of the chamber inside the plastic phantom. The temperature measurements indicated somewhat faster equilibrium than the ionization measurements. Although both sets of data show reasonable scatter with some overlap of the two sets, the difference may represent the time lag between the temperature change and the change in the mass of the gas inside the thimble. If so, this indicates a time lag of some fraction of a minute.
The issue of thimble's volume change causing departure from the ideal gas law was addressed by Mayo et al. 4 They concluded, from ionization measurements, that the departure from the ideal gas law was 20% for ''air equivalent'' plastic thimble and negligible for graphite thimble. Our data sets for both graphite and nylon thimbles are in good agreement and indicate negligible deviation from the ideal gas law. 
IV. THEORETICAL BASIS
Two of the experimental conditions were modeled theoretically for solutions. The cooling of the plastic phantom was approximated by a semi-infinite slab, and the equilibration of the ion chamber with build-up cap in water was modeled by a semi-infinite cylinder.
Consider a semi-infinite plastic slab of thickness, L, with its two surfaces at xϭ0 and xϭL. Assume that the slab is initially at a uniform temperature, T 0 , and is exposed at time zero to a surrounding medium that would maintain the slab's two surfaces at zero temperature. Subsequently, at time, t, the temperature, T, inside the slab at a position, x, is governed by the thermal-conduction equation:
where K is the thermal conductivity, is the density, and C is the specific heat of the plastic. The solution 2 of this equation, at the center of the slab (xϭL/2), simplifies to
where
In general, if a surrounding medium maintains the slab's surfaces at any arbitrary temperature ͑not necessarily zero͒, the above solution may be rewritten as
where ⌬T and ⌬T 0 refer to temperature differences with respect to the surrounding air at any time t and time tϭ0, respectively. Since the exponential term, y, is always less than one, the series in the above equation is convergent. In the region, tӷ͓L 2 C/( 2 K)͔, the first term dominates and Eq. ͑3͒ reduces to
͑4͒
This equation represents an exponential decay of ⌬T/⌬T 0 . The factor ͓ 2 K/(L 2 C)͔ may be identified as decay constant, , and the equation may be rewritten to represent a straightline for ln(⌬T/⌬T 0 ) versus t:
In the region, tϽ͓L 2 C/( 2 K)͔, the higher-order terms become more significant and Eq. ͑3͒ exhibits a shoulder. We may define the shoulder width, I, quantitatively as the projected time based on linear Eq. ͑5͒ for ⌬T to be equal to ⌬T 0 .
Thus

Iϭ͓ln͑4/ ͔͒/. ͑6͒
Consider next, an infinitely long cylinder of radius, R, initially at a known uniform temperature, and a surrounding medium capable of maintaining the cylinder's surface at some other known steady temperature. At time zero, the cylinder is introduced into the medium. At a later time, t, the temperature difference, ⌬T, between the cylinder's axis and the medium, obtained after simplification of the solution 6 of the thermal-conduction equation, is given by
where ⌬T 0 , ⌬T, K, and C are defined above. The ␤ n are the positive real values of ␤ for which the zero-order Bessel function, J 0 (␤), becomes zero, and J 1 (␤ n ) are the values of the first-order Bessel function for the corresponding ␤ n values. The series is convergent. In the region, t ӷ͓R 2 C/(␤ 1 2 K)͔, the first term dominates and Eq. ͑7͒ reduces to
The decay constant, , and the shoulder width, I, as defined earlier, are given by
Comparison of theory and experiment for two cases. The theoretical curves are plotted as solid lines, and the experimental data are marked as data points.
V. COMPARISON WITH EXPERIMENTAL DATA
Equations ͑3͒ and ͑7͒ were applied to ͑i͒ the 14.5-cmthick plastic phantom cooling in air and ͑ii͒ the cylindrical ion chamber with build-up cap ͑0.46-cm Lucite wall͒ cooling in a water medium. We used thermal-parameter values 7 for generic plastic ͓Kϭ0.000454 cal/͑s•cm•°C͒ and C ϭ0.35 cal/͑g•°C͔͒, and densities of 1.17 and 1.045 g/cm 3 for Lucite 8 and polystyrene ͑manufacturer's value͒, respectively. Values of plastic-phantom thickness, L, and cylinder radius, R, were selected through an interactive process to yield the same exponential fall-off as that of our experimental data. An effective phantom thickness of 17.8 cm and an effective cylinder radius of 0.7 cm were obtained.
In Fig. 7 the theoretical curves are compared with the measured data for the two experimental cases: ͑i͒ the plastic phantom cooling in air, and ͑ii͒ the Farmer-type chamber covered with the protective cap cooling in water. The theoretical curves reproduce the general features: the shoulder and the exponential fall-off. For the ion chamber with build-up cap, the theoretical curve for an ideal cylinder agrees well with the experimental data. For the plastic phantom, the broader than expected experimental shoulder width arises due to a significant departure from the theoretical geometry. The dominating departure probably stems from a lack of heat transfer through the phantom surface in contact with the insulating tabletop. However, Fig. 3 shows that the shoulder width is highly dependent on the position of the measurement point in the phantom, and Eq. ͑3͒ suggests that both slope and shoulder depend on thickness, L. Considering that the 30-cm-square experimental phantom is cooled through five surfaces, while the semi-infinite theoretical phantom is cooled through all surfaces, the level of agreement for a 17.8-cm-thick theoretical phantom and 14.5-cmthick experimental phantom is considered acceptable.
VI. CONCLUSIONS
The results of thermal equilibration of an ion chamber when introduced into various phantom media are summarized in Table I. The table lists several important character- istics, namely, the shoulder width, the number of exponential components in the temperature fall-off region, and the halflife of the first exponential component.
The bare thimble equilibrates very rapidly in all media with virtually no shoulder. In air, the time interval for equilibration to 10% of the initial temperature difference is 3 min, while in water and in plastic phantoms, the intervals are just over 1 and 2 min, respectively.
Chambers in thermal equilibrium with their build-up ͑pro-tective caps͒ equilibrate less rapidly and exhibit an initial shoulder, followed by an exponential fall-off. In water, equilibration to less than 10% of the initial temperature difference requires only a few minutes, whereas in air a quarter of an hour is required.
Plastic phantoms require a very long time to equilibrate, however, there is a significant shoulder of several hours. Therefore, if the temperature of the phantom cavity is measured, the shoulder may be exploited to assure no temperature change over a period of an hour or more. During transport of the chamber into the phantom medium. b 0.45-cm Lucite wall. c The Co-60 build-up cap preexisted in thermal equilibrium with the water phantom at time zero, when the chamber was inserted into the phantom.
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